Introduction
Previously, López-Valverde et al. (2012) and Prieto and Abenza (1999) , and Prieto (2005) have described multiple dental pathologies in an adult Neandertal hemi-mandible (Adult 2; SDR-007/008) from El Sidrón, northern Spain (Fortea et al., 2003) . Adult 2 represents one of 13 individuals preserved in the sample from El Sidrón (Rosas et al., 2006; . The mandible is preserved from the left ascending ramus round to the mesial aspect of fractured right canine socket, but is missing the posterior border, condyle and coronoid process of the left ascending ramus. López-Valverde et al. (2012) noted several dental abnormalities including a retained left deciduous canine with an anomalous crown morphology, a radiolucent periapical area beneath the mesial root of the left first permanent molar and an unerupted left permanent canine lying low in the mandibular body beneath the second and third molar roots.
Dental pathology in fossil hominins is comparatively rare and this specimen offers an exceptional opportunity to study a number of untreated disease processes that may have accumulated and progressed in parallel over the lifetime of the individual. Judged by the completed M3 root apexes and the minimal occlusal wear on the left M3 this individual was a young adult at the time of death but some of these dental pathologies must have arisen before birth and others been acquired or developed gradually over many years.
New medical CT images of the specimen now allow us to put together a more comprehensive picture of the dental pathology present in this mandible. It is also now possible to piece together a better chronological history of how 4 these pathologies may have developed over the lifetime of the individual.
Moreover, there is now genetic evidence about the familial relationships between some specimens at El Sidrón. Particularly in this respect, an adolescent individual, Adolescent 3, represented only by isolated teeth and a small fragment of mandible shares the same mtDNA haplotype as the Adult 2 hemi-mandible described here (Lalueza-Fox et al., 2011 ). This individual also shows evidence of shared dental pathology with the Adult 2 hemi-mandible.
Individual 2 from El Sidrón preserves most of the lower dentition and a complete maxilla has been associated with this individual. It retains, even post-fossilization, severe dental calculus deposits, with the maxillary left premolars and molars either partially or totally covered. There is also an asymmetry in the degree of occlusal wear between the right maxillary dentition which is more advanced -more evident in the canine-,, and the left one. Regarding the pattern of para-masticatory dental wear, and despite Adult 2 having a large number of instrumental striations indicating a right-handed preference (Estalrrich and Rosas, 2013) , some striations on the anterior teeth are nevertheless distinctive of left-handedness suggesting some degree of interchangeable hand-use in this individual. This observation may be of relevance in trying to interpret whether or not any occlusal wear asymmetry might derive from one or other of the dental pathologies described in this paper.
Materials / Methods
Lateral radiographs, periapical radiographs and medical CT scans (slice thickness 0.625 mm, pixel size 0.344 mm) were made of the Adult 2 Neandertal hemi-mandible, and of the mandibular fragment of the adolescent specimen, and reconstructed in Amira 4 (VSG). Besides these, conventional radiographs were also taken. Additional observations and measurements were made directly on the specimens.
Description of the specimens
The dental pathology of Adult 2; mandible Both permanent central incisors are missing from the Adult 2 mandible, lost post-mortem, but both lateral incisors are present (although the left lateral incisor is now removed from the specimen). The permanent left canine is unerupted ( Figure 1 ) and lies horizontally low in the mandibular corpus. Its incisal tip lies in line with the mesial root apex of the M2 ~15 mm below the alveolar bone margin and ~20 mm above the lower border of the mandible buccally. CT scans show that the pulp chamber and pulp canal of the unerupted canine are small and reduced suggesting an older rather than a younger tooth that has continued to form secondary dentine for some while despite being unerupted and non-functional.
A retained deciduous canine is positioned between the left lateral incisor and the P3 (Figure 3 ). The deciduous canine crown is abnormal in its morphology but its root appears normal. The surface enamel immediately above the cervix also appears normal but this part of the crown is somewhat peg-shaped and surmounted occlusally by an additional cap of enamel. The cap expands as a dilatation from a clear constriction where it joins the true crown to form a flat worn surface that was in occlusion with the distoplalatal aspect of the upper left canine. Occlusally the crown is ~3 mm wide mesiodistally and has contact facets for the lateral incisor mesially and the P3 distally. It appears to have been tightly integrated into the dental arch and in functional occlusion.
The overall appearance is of a peg-shaped deciduous tooth crown joined head-to-head at a mid-crown constriction with an upper portion set at 90 degrees to the long axis of the main root canal and pulp chamber of the tooth 6 ( Figure 3 ). On the buccal aspect of the abnormal enamel extension there is a circular 'crater-like' feature comprising a fractured enamel rim and dentine core with an exposed central pulp horn in its base. A part of the bulbous upper crown extension appears to have fractured off here leaving an exposed portion of its pulp horn in direct communication with the main pulp chamber and root canal. On CT scans a continuous rim of enamel surrounds a central dentine core that has fractured through on the buccal aspect at a point where the two pulp horns meet at an isthmus (Figure 3 communicates anteriorly with the sinus beneath the lateral incisor and deciduous canine roots and also extends buccally beneath P4 to emerge as a second sinus opening through the buccal cortical bone between P4 and M1.
There is no obvious erosion or resorption of the roots of any teeth in the mandible. The P4 root in particular appears to be in direct contact with the cyst cavity but has a normal root apex appearance. In places, the bone lining the cavity wall shows evidence of repeated remodelling; regular contours of bone of lower densities follow the cavity boundaries and overlie those of higher densities or vice versa (Figure 4 ).
Genetic analyses
Recent genetic analyses support the taphonomic and archaeological hypothesis that El Sidrón represents a synchronic assemblage of a Neandertal family group. Mitochondrial (mtDNA) data suggest that the group was kinship-structured, being the same mtDNA haplotype present in 7 out of 12 individuals. The mtDNA diversity inferred from 12 individuals is significantly lower than any random subsample of sequences from unrelated modern Europeans (Lalueza-Fox et al., 2011) , taken as a reference for comparison.
Adult 2 and Adolescent 3 are both males and may be related through female line as they share the same mtDNA haplotype -the one with the highest frequency out of the three detected in the assemblage-. A possible kinship between them, in accordance to their relatively similar age, would be brothers or maternal cousins. Other potential maternal relationships (e.g, unclenephew; granduncle-nephew) are less likely or can be excluded because of the age similarity. However, considering the general low mtDNA genetic diversity found in Western European Neandertals (Briggs et al. 2009 ), it cannot be excluded that some individuals sharing the same mtDNA haplotype in the group might be in fact more distantly related.
Of course the mtDNA relationships are not as informative for family relationships as other types of DNA genotyping; additional genomic information could clarify in the future the genealogical links between these two El Sidrón individuals. The genetic basis for deciduous canine retention, consequence of previous amelogenesis defects, possibly has an autosomal origin (Brook, 2009) , although some X-chromosome genes associated to dental pathologies are known. Defects in enamel formation create the condition known as Amelogenesis Imperfecta (AI) commonly inherited as an autosomic trait. ENAM mutations appear to be responsible for a big part of the autosomaly inherited cases, but genetic studies provide evidence for the existence of at least one further autosomal AI loci (Kärrman et al. 1997 ).
Additionally, it has been suggested that regulatory regions such as microRNAs repressing the ENAM gene could be involved in the inheritance of these anomalous dental traits (Lopez-Valenzuela et al. 2012) .
The dentition of Adolescent 3
This individual consists of isolated upper left I1, I2 canine P3, P4 and two upper molar crowns, M2 and M3 ( Figure 5 ). The upper M2 has very minimal cusp tip wear facets on the palatial cusps and a minimal elongated polished facet on the mesial marginal ridge but the M3 has no wear at all. The root was at an early stage of development and the tooth was likely unerupted. There is one additional right M3 crown, similar in morphology with the left one and also without occlusal wear, but with no root preserved.
The upper incisors are both worn through to a dentine edge. The upper left canine has a crown length of 12 mm but with 2 or 3 mm of cuspal wear loss that has exposed an island of dentine. This is continuous distally with a very strong wear facet (for the lower P3 mesial occlusal contact facet) along the distal marginal ridge. Mesially there is little more than an elongated polished enamel facet but no wear at all on the mesial marginal ridge. Notably, there is no notched wear facet between the upper left lateral incisor and upper canine for the tip and distal ridge of a lower canine.
The lower teeth preserved are the isolated right P4 and left P4, which is now separate from a small portion of the left mandibular fragment but with only the crown and a small 5 mm portion of its root preserved buccally. The left P3 is still implanted in the mandibular fragment that also contains the socket for the lower left P4 (Figure 5) . The lower left P3 shows slight enamel wear occlusally and more marked wear on its distal slope but has no a proximal contact facet for a left lower canine mesially.
A small retained deciduous canine root lies mesial to the P3 but the crown is fractured off transversely post-mortem at the level of the alveolar crest ( Figure   5 ). This retained deciduous root measures ~5 mm buccolingually x 4 mm mesiodistally at the alveolar crest. On periapical x-rays the root is 11 to12 mm 11 long. No deciduous canine root apex is visible protruding through the fractured base of the alveolar bone fragment beneath.
No lower permanent canine was present in the dental arch. By association, based on an identical pattern of linear hypoplastic banding of upper and lower canines, a lower left permanent canine crown appears likely to belong to the same individual ( Figure 5 ). This is unworn with a crown height of 14 mm and only 8 mm of fractured root preserved buccally. The pattern of wear in both upper and lower permanent teeth suggests the lower permanent canine was unerupted (or else erupted out of the dental arch and so out of functional occlusion). It seems clear the deciduous canine was retained with a completed but unresorbed root in this individual.
Discussion
It is recognised that anomalies in size, shape and number of the deciduous dentition are often subsequently associated with anomalies in permanent tooth development (Brook and Winter, 1970; Shah et al., 2007) . Brook (2009) has emphasised that the processes underlying many dental anomalies are "multifactorial, multilevel, multidimensional and progressive over time" and that a number of dental defects are known to be heritable. With this in mind it is logical to discuss the various dental pathologies in these Neandertal specimens in the chronological order that each might have arisen.
Abnormal deciduous crown morphology
The anomalous crown shape of the retained deciduous canine in the Adult 2 Neandertal would have been determined before birth as the inner enamel epithelium of the tooth germ mapped out the future shape of the enamel dentine junction. This would have been very early in gestation at around 10-15 weeks and before the time initial mineralisation of the deciduous canine germ begins. This has been reported to occur in modern humans around 20 weeks gestation (Sunderland et al. 1987 ).
While fused teeth result from the enamel and dentine of two separate teeth coming together, and geminated teeth from the division of a single tooth germ into a bifid crown, (Shah et al. 2007) , the anomaly in this Neandertal specimen best resembles a dilated odontome where a part of the crown shows marked enlargement (Thoma and Goldman, 1946) . Most often, a dilatation of the inner enamel epithelium beyond the normal outline of the tooth crown invaginates back into the growing tooth germ to form a so called dens in dente or 'tooth within a tooth' (Beynon, 1982; Alani and Bishop 2008) .
In this case the inner enamel epithelium appears to have expanded into a dilated extension over the cusp tip that has subsequently continued to form enamel over the whole dentine core that contains a pulp chamber with a narrow cental isthmus. Clearly, in this individual it did not prevent the normal eruption of the tooth into function. It seems most probable that biting on this tooth resulted in the fracture of a portion of the dilated crown extension buccally exposing the pulp at its isthmus and resulting in pulp necrosis and arrested root development. The stage of deciduous canine root formation suggests this would have been at around 2.5 years of age by modern human standards (Liversidge and Molleson, 2004) . Exposure of the pulp to the oral environment and subsequent necrosis and chronic infection usually result in a periapical granuloma formation and in this case it seems most probably the granuloma became abcessed and then drained via a sinus into the labial gingival sulcus. If the deciduous canine root apex at this age was positioned below the level of lip muscle attachments to the mandible in this region it is possible a sinus would have tracked through soft tissues and become established as a fistula that communicated externally through the skin of the 'chin'. More common, and more likely, is establishment of a sinus draining low into the labial sulcus intra-orally.
Permanent canine tooth germs first appear as an anlarge on the lingual aspect of the deciduous tooth germ (Figure 6 : Broomell 1897). These tooth germs begin to expand within their follicles that are in turn contained within a bony crypt before birth and before the end of deciduous canine crown 13 completion. They continue to do so well before mineralisation of the permanent canine begins at about 6 months postnatally. It is possible an enlarged anomalous deciduous tooth germ might have displaced the closely associated permanent tooth germ early in its development, which then continued to develop in a more horizontal position than usual. However, teeth fail to erupt for many reasons and this is just one possibility. The fact that two related Neandertals both have retained deciduous canines strongly suggests a genetic component underlying the non-eruption of the left permanent canines in these specimens. This may or may not have been related to the earlier abnormal development of the deciduous crown in one of these individuals but failure to erupt was certainly a likely trigger for the subsequent cyst that formed around the left permanent canine in Adult 2.
Cysts in the jaws
Unerupted teeth may occasionally develop cysts around their crowns. While this may only happen in 1 in 100 to 150 unerupted teeth, the incidence of impacted teeth and of dentigerous cysts is near-identical. For example, the incidence of impacted mandibular canines is 3.5% and that of cysts associated with mandibular canines 3.8%. The incidence of impacted mandibular M3s is 48% and that of cysts associated with mandibular M3s 46% (Shear and Speight, 2007) .
A cyst is a pathological sac-like cavity lined with an epithelium and filled with fluid or semi-fluid like material. Most benign cystic lesions of the jaws tend to increase in size over time because of growth of their lining, increased osmolarity of their contents drawing in more fluid and through bone resorption mediated by many chronic inflammatory products (Toller, 1970; Killey and Kay, 1972; Sandy et al. 1998) . Faster growing cysts tend to expand in a spherical manner and have greater bone resorbing activity. Slower growing cysts tend to extend preferentially along the less dense trabecular bone with little resorption or expansion of the dense cortical mandibular or maxillary bone (Killey and Kay, 1972; Sandy et al. 1998 ).
There are many classifications of benign cystic lesions of the jaws (Shear and Speight, 2007) but the cyst associated with the unerupted permanent canine of Adult 2 most closely resembles a typical dentigerous cyst where the crown of the unerupted tooth is entirely enclosed by expansion of its follicle.
Importantly in this classification, the follicle remains attached at the tooth cervix. Nevertheless, another possibility is that this is an example of an odontogenic keratocyst. These cysts are in many ways similar to dentigerous cysts but can only be distinguished for certain by the nature of their epithelial lining, which is clearly never possible in fossil material. Odontogenic keratocysts, however, are probably genetically determined rather than acquired (Shear and Speight, 2007) .
Interestingly with respect to the Adult 2 Neandertal, there is some evidence that many dental cysts may originate from fluid accumulation between one or other layers of the developing tooth germ, either within the stellate reticulum or between the reduced enamel epithelium and the enamel surface. Some enamel hypoplasias may have a similar aetiology. Moreover, anomalous deciduous tooth development and or inflammation from a deciduous tooth has previously been implicated in initiating some cysts associated with permanent teeth but this has never been substantiated with certainty (Robinson, 1945; Thoma and Golman, 1960; Bartlett, et al. 1973; Atkinson, 1977; Al-Talabani and Smith, 1980; Shibata et al. 2004; Lustmann and Shear, 1985) .
Secondary infection of cyst cavities
While the primary lesion associated with the unerupted canine in Adult 2 is likely to be a dentigerous cyst, there is clear evidence that this became chronically infected. At death, the picture is of a longstanding and repeatedly Often, cysts within the jaws only become apparent after many years with no symptoms at all. It is unusual for benign cystic lesions of the jaws to cause pain, paraesthesia or anaesthesia even when they are closely associated with alveolar nerves unless they become infected. Characteristically, the teeth associated with them are alive (vital) and their pulps do not die even when cysts expand around and between them. But when cysts become infected and drain into the oral cavity this leads to a continual bad taste and to increased salivary flow rates that are often associated with heavy calculus deposition.
As with all infections, especially acute infections, there is then initial tenderness and swelling quickly progressing to pain and other sensory symptoms from nerve compression. In the case of large cysts, displacement of teeth then makes chewing painful. In this context the asymmetric pattern of occlusal wear is notable in this individual and perhaps attributable to preferential chewing on the least painful side of the mouth during bouts of acute infection of the cyst cavity. The pattern of alternating left-right handedness noted earlier in this individual may thus sway the explanation of occlusal wear asymmetry away from one due to a strong natural unilateral chewing pattern and towards a more likely one resulting from periods of painavoidance. A common eventual mode of clinical presentation of large cysts of the jaws and teeth is unexpected pathological jaw fracture later in life that results from greatly thinned bone from within the jaw.
Mandible growth and displacement of unerupted teeth
The horizontal position of the unerupted canine beneath the M2 and M3 roots would have resulted partly from pressure applied to the crown by the expanding cyst that displaced the tooth distally, but also from growth of the mandible. Growth in length of the mandible occurs primarily at the mandibular condyles, which displaces the mandible anteriorly away from the cranial base (Figure 7) . It is resorption of bone at the chin (and anterior border of the ascending ramus) that then remodels the mandible as it continues to grow in length and width. It seems likely that once the canine was horizontally Leon and Zollikofer, 1999) . Moreover, Bailey and Hublin (2006) have speculated that the Neandertal remains from Grotte du Renne (Arcy-surCure) include a completely unworn but fully formed canine with substantial cementum deposition at the root apex that may have been impacted or displaced.
Conclusions
Many dental anomalies have a heritable component to them. Here we describe two Neandertal specimens from the same family that both show evidence of retained deciduous canines and unerupted permanent canines. In one, the anomalous deciduous canine crown morphology that developed in utero (at around 10-15 weeks) predisposed it to early crown fracture and exposure of the pulp with periapical infection at ~2.5 years of age. A dentigerous cyst that developed around the unerupted permanent canine, 
